DNA lesions can block replication forks and lead to the formation of single-stranded gaps. These replication complications are mitigated by DNA damage tolerance mechanisms, which prevent deleterious outcomes such as cell death, genomic instability, and carcinogenesis. The two main tolerance strategies are translesion DNA synthesis (TLS), in which low-fidelity DNA polymerases bypass the blocking lesion, and homology-dependent repair (HDR; postreplication repair), which is based on the homologous sister chromatid. Here we describe a unique high-resolution method for the simultaneous analysis of TLS and HDR across defined DNA lesions in mammalian genomes. The method is based on insertion of plasmids carrying defined site-specific DNA lesions into mammalian chromosomes, using phage integrase-mediated integration. Using this method we show that mammalian cells use HDR to tolerate DNA damage in their genome. Moreover, analysis of the tolerance of the UV light-induced 6-4 photoproduct, the tobacco smokeinduced benzo[a]pyrene-guanine adduct, and an artificial trimethylene insert shows that each of these three lesions is tolerated by both TLS and HDR. We also determined the specificity of nucleotide insertion opposite these lesions during TLS in human genomes. This unique method will be useful in elucidating the mechanism of DNA damage tolerance in mammalian chromosomes and their connection to pathological processes such as carcinogenesis.
DNA lesions can block replication forks and lead to the formation of single-stranded gaps. These replication complications are mitigated by DNA damage tolerance mechanisms, which prevent deleterious outcomes such as cell death, genomic instability, and carcinogenesis. The two main tolerance strategies are translesion DNA synthesis (TLS), in which low-fidelity DNA polymerases bypass the blocking lesion, and homology-dependent repair (HDR; postreplication repair), which is based on the homologous sister chromatid. Here we describe a unique high-resolution method for the simultaneous analysis of TLS and HDR across defined DNA lesions in mammalian genomes. The method is based on insertion of plasmids carrying defined site-specific DNA lesions into mammalian chromosomes, using phage integrase-mediated integration. Using this method we show that mammalian cells use HDR to tolerate DNA damage in their genome. Moreover, analysis of the tolerance of the UV light-induced 6-4 photoproduct, the tobacco smokeinduced benzo[a]pyrene-guanine adduct, and an artificial trimethylene insert shows that each of these three lesions is tolerated by both TLS and HDR. We also determined the specificity of nucleotide insertion opposite these lesions during TLS in human genomes. This unique method will be useful in elucidating the mechanism of DNA damage tolerance in mammalian chromosomes and their connection to pathological processes such as carcinogenesis.
error-prone DNA repair | homologous recombination repair | recombinational repair D NA damage is abundant, caused by both external agents such as sunlight and tobacco smoke and intracellular byproducts of metabolism, amounting to about 50,000 lesions per day per cell (1) . Despite the presence of effective DNA repair mechanisms that eliminate lesions and restore the original DNA sequence, DNA replication often encounters unrepaired lesions that have escaped repair. These DNA damages may cause arrest of replication forks and the generation of postreplication gaps (2, 3) . To complete replication and prevent the formation of double-strand breaks, which are highly deleterious, cells use DNA damage tolerance (DDT) mechanisms. These include translesion DNA synthesis (TLS) and homology-dependent repair (HDR), which enable bypass of the lesions and completion of replication, without removing the lesions from DNA. HDR uses the sequence from the intact sister chromatid to patch the single-stranded template region carrying the lesion. [We term HDR the pathways of DNA damage tolerance that rely on the homologous sister chromatid, also termed postreplication repair (PRR), damage avoidance, template switch, copy choice recombination, and homologous recombination repair.] This is carried out either by physical transfer of the segment complementary to the damaged template [also termed homologous recombination repair (HRR)] or by copying the complementary strand from the sister chromatid (template switch or postreplication repair). TLS employs specialized low-fidelity DNA polymerases to replicate across modified template bases, and it is inherently mutagenic due to the miscoding properties of most DNA lesions (4-6). Both HDR mechanisms are inherently accurate (1) (Fig. 1A) . This may explain why it is the major tolerance mechanism in Escherichia coli (7) (8) (9) (10) (11) . The balance between TLS and HDR in Saccharomyces cerevisiae is less clear, with a possible dependence on assay conditions (12) (13) (14) (15) (16) . Despite its mutagenic nature TLS has an important role in protecting mammalian cells from DNA damage. This is evident from the skin cancer predisposition and sunlight sensitivity of patients with xeroderma pigmentosum variant who carry germ-line mutations in polη, a major TLS DNA polymerase (17, 18) , and the embryonic death of mice in which polζ, another major TLS polymerase, was knocked out (19) . As for HDR, it is not yet known whether it functions in mammalian chromosomes to tolerate DNA damage during replication.
A major obstacle in the study of DNA damage tolerance is the lack of high-resolution methods for simultaneously assaying TLS and HDR during chromosomal replication. Traditionally, chromosomal induced mutagenesis in a reporter gene (e.g., hypoxanthine-guanine phosphoribosyltransferase) (1) is used as a measure of mutagenic TLS; however, this method is blind to accurate TLS, which is the main TLS pathway for some common types of DNA damage, and HDR is much more difficult to measure (20) . Plasmid model systems were instrumental in the study of DNA damage tolerance via TLS (e.g., refs. [21] [22] [23] [24] [25] and HDR (12, 26) ; however, they do not obviate the need for studying TLS and HDR at the chromosomal level. To that end we developed a unique method, in which both TLS and HDR can be simultaneously analyzed at a single-nucleotide resolution in chromosomes of mammalian cells in culture. We show that both TLS and HDR share the burden of DNA damage tolerance for each of three different DNA lesions, albeit at different proportions. We also present the spectrum of nucleotides inserted across these lesions during chromosomal TLS.
Results
Unique Assay for High-Resolution Simultaneous Measurement of TLS and HDR in Mammalian Chromosomes. This unique assay is based on a shuttle vector carrying a site-specific lesion, which is stably integrated into chromosomes of mammalian cells using an ectopically expressed phage recombinase (Fig. 1B) . Cells are cotransfected with a synthetic DNA vector that contains a selectable marker (puromycin R ), a recognition site for the integrase of phage ϕC31, and a defined site-specific lesion, and Author contributions: L.I. and Z.L. designed research; L.I., O.Z., and I.S.C. performed research; N.E.G. contributed new reagents/analytic tools; L.I., O.Z., and Z.L. analyzed data; and L.I., O.Z., I.S.C., N.E.G., and Z.L. wrote the paper.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1216894110/-/DCSupplemental. a second plasmid that expresses ϕC31 integrase (27) . Under our assay conditions, replication occurs while the lesion is in the chromosomal locus into which the plasmid had integrated. Therefore, completion of replication and subsequent cell divisions entail that the cell coped with the lesion through the use of DNA damage tolerance mechanisms. To select cells into which the plasmid was stably integrated and then tolerated, puromycin selection is applied. Subsequently, chromosomal DNA is extracted from puromycin-resistant colonies and subjected to DNA sequence analysis in the vicinity of the lesion (Fig. 2A) . The colonies arose primarily via integrase-mediated insertions, as indicated by the substantially lower number of colonies obtained in control experiments with plasmids lacking the attB integration sequence, which is the target of the integrase (Fig. 3A and Table 1 ).
The vectors used contained a defined site-specific lesion on both strands, 31 nt apart (Fig. 2B) . In this configuration progression of replication requires that tolerance occurred on both strands, either by TLS or by HDR. To discriminate between the two tolerance mechanisms we engineered opposite the lesions mismatched nucleotides, which are infrequently incorporated during TLS. For example, on the basis of plasmid assays, the DNA adduct benzo[a]pyrene-guanine (BP-G), which is formed by tobacco smoke, is bypassed relatively accurately in human cells (∼90% insertion of the correct C), with the main mutagenic event being misinsertion of an A, which together account for 94% of all TLS events (28) . Thus, when constructing lesion shuttle vectors with BP-G lesions (Fig. 3B) , we engineered opposite the lesions T and/or G, which are infrequently inserted by TLS (2% and 4%, respectively) (28) . In this configuration, the sequence obtained after tolerating the lesions and cell propagation for multiple generations is indicative of the tolerance mechanism and enables discrimination between accurate TLS, mutagenic TLS, and HDR (Fig. 3B ). For example, accurate TLS of the BP-G in the upper strand (Fig. 3B) will place a C opposite the BP-G, leading after propagation to a G:C base pair (Fig. 3B,  product c) . Similarly, accurate bypass of the BP-G on the lower strand (Fig. 3B ) will place C opposite the BP-G, leading to the formation of product d. Mutagenic TLS on the other hand is expected to place primarily A opposite BP-G, which after propagation will yield a transversion mutation with a T:A base pair being generated instead of G:C-product e in Fig. 3B for BP-G in the upper strand and product f for BP-G in the lower strand. HDR of the BP-G in the upper strand will place the G from the complementary replicated sister chromatid opposite the BP-G, leading after propagation to the formation of a C:G base pair (Fig. 3B, product a) , whereas when this occurs on the BP-G on the lower strand, this will produce a T:A base pair (Fig. 3B , product b). Note that the two possible HDR events yield identical products (Fig. 3B, a and b) , which are different from the four distinct TLS products (Fig. 3B , c-f).
Our experimental scheme must ensure that the engineered lesions are not eliminated by excision repair before replication. This was resolved by using a human xeroderma pigmentosum A (XPA) cell line, which is totally deficient in nucleotide excision repair (NER). To examine whether the DNA lesions indeed persist in the plasmid DNA and are not removed by the fortuitous nonspecific action of nucleases and polymerases before its integration, we transfected XPA cells with a vector carrying two staggered closely opposed BP-G adducts (pLSV5[BP-GstaggBP-G]), and 3 d after transfection the plasmid contents were extracted and subjected to PCR analysis. The rationale was that if the lesions persisted, the fragment carrying the staggered lesions would not be amplified, whereas if some repair occurred, even on one of the strands, this would give rise to an amplified band. As a control we PCR amplified the corresponding fragment from the control intact plasmid without any lesions, using the same primers. To evaluate whether the amount of the plasmids is similar, we PCR amplified a fragment from the puromycin-resistance gene, which is present on both the lesion-carrying plasmid and the control plasmid. As can be seen in Fig. 3C , the lesion-carrying region could not be amplified, in contrast to the two control PCR reactions, which yielded the expected bands. Similar results were observed also with a plasmid carrying two staggered closely opposed TT 6-4 photoproduct (PP) adducts and an artificial trimethylene lesion, which were used in subsequent experiments (Fig. 3C) . Thus, the XPA background ensures that lesions that are substrates for NER persist in the plasmid DNA before its integration, and there was no nonspecific processing of the plasmid that caused removal of the lesions.
Benzo[a]pyrene-Guanine and TT 6-4 PP Are Effectively Tolerated in Human Chromosomes. We examined the ability of human cells to tolerate the BP-G adduct by stably transfecting human XPA cells with a lesion-shuttle vector carrying the BP-G lesions and used it to assay tolerance in the same XPA cells. As a control a similarly constructed vector, but with no lesion, was used. The number of stable colonies obtained is affected both by integration and by tolerance efficiencies. However, the relative colony yield (RCY), i.e., the ratio between the number of colonies obtained from the lesion shuttle vector and that obtained from the control shuttle vector, can be taken as an estimate of the efficiency of tolerance of this lesion. Similar numbers of puromycin-resistant colonies were obtained with the BP-G-carrying and the control vectors, suggesting that the BP-G lesion was efficiently tolerated during chromosomal replication ( Fig. 4A and Tables S1 and S2). We similarly assayed two additional DNA lesions: (i) a TT 6-4 PP adduct, representing one of the two major UV light-induced DNA lesions [unlike BP-G, this is not a bulky lesion, but it distorts DNA (1)], and (ii) an artificial and extreme type of lesion, a trimethylene [(CH 2 ) 3 ] insert into the DNA backbone. We have previously shown, using a gapped plasmid TLS assay, that this hydrocarbon non-DNA insert, termed trimethylene (M3), can be tolerated by TLS both in E. coli (29) and in human cells (28, 30) . As can be seen in Fig. 4A and Tables S3 and S4, the relative colony yield for the TT 6-4 PP adduct was 99%, suggesting that the human cells fully tolerated it. In contrast, the colony relative yield of the M3 lesion was 48%, indicating that about half of the cells were unable to cope with this artificial non-DNA insert in their chromosomes (Fig. 4A and Tables S5 and S6) .
Because previous studies have indicated that polζ is involved in TLS across BP-G lesions (28, 31) , we repeated the TLS/HDR experiments in XPA cells in which the expression of REV3L, the catalytic subunit of polζ, was knocked down by siRNA (Fig. 4B) .
As can be seen in Fig. 4C , the relative colony yield and thus the efficiency of DDT decreased about twofold under these conditions compared with cells treated with a nontargeting control siRNA, suggesting that polζ is involved in TLS across BP-G in this system. The real effect might be bigger, because the cells still express some polζ (Fig. 4B) . DNA sequence analysis showed no significant difference in the balance of TLS/HDR between the two situations (Table S7) . Thus, survival is reduced when the expression of polζ is knocked down, and HDR does not seem to serve as an efficient backup under these conditions, as indicated by the lack of change in DNA sequence signature. A possible explanation is that polζ is involved also in HDR, as recently reported (32, 33) .
DNA Damage Tolerance Events Are Broadly Distributed Along the Human Genome. To identify the chromosomal sites in which the lesion shuttle vector had integrated, we rescued from colonies the shuttle vector along with flanking chromosomal sequences and subjected them to DNA sequence analysis across the plasmid-chromosome junctions. As can be seen in Table 1 and Table   A B Fig. 2 . Outline of the DNA damage tolerance assay in chromosomes of mammalian cells. (A) Cultured cells were cotransfected with the lesion shuttle vector and the ϕC31 expression plasmid. In parallel, cells were transfected with a similarly constructed control plasmid without a lesion. Forty-eight hours after transfection the cells were subcultured, and after 24 additional hours they were subjected to puromycin selection. Approximately 14 d later resistant colonies were counted, picked, and individually transferred into a 96-well plate for further growth. When they reached suitable confluence, the cells in each individual well were harvested, and their chromosomal DNA was extracted. This DNA was used as a template in PCR reactions aimed to amplify the lesion core area. Amplified samples were then subjected to DNA sequence analysis. (B) Structure of the lesion shuttle vector pLSV5L. Puro R , puromycin resistance gene under the phosphoglycerate kinase (PGK) promoter; attB, phage ϕC31 integrase attachment site; kan R , kanamycin resistance gene; X stands for a lesion. Two lesions in the staggered configuration are shown.
S8, of the 31 isolates that were sequenced, 90% (28/31) were integrase mediated, as indicated by the DNA sequence flanking the integration sites (Table S8 ). The 31 isolates mapped to 18 different loci that were distributed over 15 different chromosomes. Four sites were previously reported to be insertion hotspots of ϕC31-mediated integration (27) , and 11 were new sites. A major locus responsible for 35% (11/31) of the isolates is a known ϕC31-integration hotspot in chromosome 19 q13.31, where an intron of the zinc finger protein 223 (ZNF223) gene is located (Table 1) . Most other integration sites (75%; 15/20) were scored once, whereas two additional integration sites were scored two and three times. The integration loci were located in both intergenic regions (61%; 11/18) and gene introns (39%; 7/18). Taken together, a broad distribution of chromosomal sites was obtained.
Both TLS and HDR Operate to Tolerate DNA Lesions in Human Chromosomes. Analysis of the DNA sequence was carried out to determine the type of event that enabled the cells to replicate their DNA across the BP-G lesions (Fig. 5A and Table S1 ). DNA sequences obtained from 90 colonies revealed that 82% (74/90) carried the signature of TLS. The main event was accurate TLS, which accounted for 76% (68/90) of all tolerance events, and 92% (68/74) of TLS events. Mutagenic TLS accounted for only 6% (6/90) and showed the expected preference for insertion of an A opposite the lesion. Interestingly, 18% (16/90) of the sequences carried the signature of HDR. Thus, both TLS and HDR operate to bypass the BP-G lesions; however, TLS dominates over HDR under our conditions. DNA sequence analysis of the tolerance events of the TT 6-4 adducts showed that 89% (40/45) were via TLS (Fig. 5B and Table S3 ). In contrast to BP-G, TLS across the TT 6-4 PP was highly mutagenic, accounting for 55% of all TLS events. Thus, both TLS and HDR tolerate the TT 6-4 PP lesion, although TLS appears to have a bigger role under our conditions, performing a highly mutagenic bypass.
Analysis of the DNA sequence changes that had occurred during tolerance of the M3 lesions revealed that the majority of the colonies carried the sequences originally present opposite the M3 lesions, suggesting tolerance by HDR (76%; 29/39 events), whereas only 24% (9/39) of the sequences carried the signature of TLS (Fig. 5C and Table S5 ).
To examine whether the assay can be used with a single lesion, we constructed a vector with a single TT 6-4 PP lesion and assayed its tolerance after integration in the genome of human XPA cells. As can be seen in Table S9 , 53 events were due to TLS, and 53 events were due to replication and HDR combined (because the two have an identical signature, as discussed above). Deducting 50% of the events for replication leaves no observed HDR event. Thus, in this case TLS accounts for >98%, whereas HDR accounts for <2% (less than 1/53), compared with 89% and 11%, respectively, in the staggered configuration. This difference is within the experimental error of the assay system. As for the mutagenicity, in the single-lesion configuration mutagenic TLS accounted for 75% of the TLS events compared with 55% in the staggered configuration, a difference that is statistically not significant (χ 2 -test, P = 0.203).
Discussion
Despite the importance of DNA damage tolerance in mammalian cells as a protective mechanism against genome instability and cancer, the scarcity of high-resolution assays for measuring TLS and HDR, especially in chromosomes, has hampered progress in the field. The TLS/HDR assay presented in this study enables one to simultaneously analyze TLS and HDR in mammalian chromosomes at a single-nucleotide resolution. At this point the assay needs to be performed in excision-repair-deficient cells, to prevent elimination of the lesion from DNA before replication; however, it is expected to provide useful mechanistic insight even with this limitation. We used lesion shuttle vectors with two staggered closely opposed lesions. The staggered lesion configuration, first used by Lawrence in the yeast S. cerevisiae (12) and later adopted to the chicken DT40 cell line (23) , has the advantage that tolerance must occur on both strands and therefore eliminates potential biases between an intact and a lesion-carrying strand. A similar approach was recently taken by Pages et al. (11) , who inserted a plasmid carrying a defined lesion into a specific site in the E. coli genome. Consistent with previous reports they found that the overwhelming majority of tolerance events involved HDR (damage avoidance). Unlike in the E. coli system, in our system the plasmid is integrated into various genomic sites, enabling the future analysis of the effect of genome location on DNA damage tolerance, e.g., the balance between TLS and HDR.
DNA damage tolerance mechanisms provide a major defense against base damages that interfere with DNA replication and may lead to the collapse of replication forks and the formation of double-strand breaks (1, 2, 34). Although there was significant evidence for the operation of TLS in tolerating replication-blocking lesions, there are limited hints on the activity of HDR in mammalian chromosomes (20, 35) . Using a model assay system based on a gap-lesion plasmid and a homologous dsDNA, we have previously shown that gap-filling HDR functions in mammalian cells and operates via a strand transfer mechanism (26) . However, the results presented here indicate that both TLS and HDR operate in mammalian chromosomes to tolerate DNA lesions. Chromosomal TLS across BP-G was mostly accurate (92%), highlighting the need for high-resolution assays such as the one described here, because assays measuring mutagen-induced chromosomal Human XPA cells were stably transfected with a lesion shuttle vector containing two BP-G lesions in a staggered configuration, after which the integrated plasmids were rescued along with the chromosomal junction sequences. The chromosomal DNA sequences at the junction sites were determined by PCR followed by DNA sequence analysis. The detailed protocol is described in Materials and Methods, and the sequences in the insertion junctions are in Table S8 . The genes in which integration was observed were: USH2A, usher syndrome 2A; MGC33214, transmembrane protein 161B; DLC1, Rho GTPase-activating protein 7; PAX5, paired box protein Pax-5; DCLK1, doublecortin-like kinase 1; ZNF223, zinc finger protein 223; CDC25B, cell division cycle 25 homolog B. *Integrase-mediated insertion events were identified on the basis of the DNA sequence at the insertion site (which are shown in Table  S8 ). √, ϕC31 integrase-mediated insertion; x, random insertion.
† Previously identified ϕC31 integrase-mediated integration hotspots are described in ref. mutations are blind to accurate TLS and therefore cannot score most TLS events across BP-G. The main mutagenic event was a GC→ΤΑ transversion caused by misinsertion of an A opposite the BP-G, consistent with previous results obtained with plasmid model systems (28, (36) (37) (38) and with chromosomal mutagenesis assays monitoring BP-induced mutations in chromosomal reporter genes (39, 40) .
TLS across TT 6-4 PP was highly mutagenic, with a typical GTT→TTT hotspot. This is consistent with the results that we have previously obtained with nonreplicating gapped plasmids in mammalian cells (28, 41) and with an earlier report using a replicative plasmid (42) . A recent study reported that TLS across a TT 6-4 PP in a replicating plasmid is largely accurate (43) . This difference does not stem from a replicative vs. a gapped nonreplicating plasmid as those authors suggested, because an earlier study using a replicative plasmid found that TLS is highly mutagenic (42) , like in our study. The reason for the difference is not known yet, but it should be pointed out that the TLS that we have monitored across chromosomal TT 6-4 PP was highly mutagenic.
Interestingly, both TLS and HDR were involved in the tolerance of each of the three lesions that were studied, although at different proportions. It is not clear what determines the labor division between TLS and HDR. Possible factors involved may include chromosomal location, the type of DNA damage, and the cell cycle, following the finding that like in S. cerevisiae cells (16, 44) , the TLS in mammalian cells occurs both in the S and the G2 phases (45) . Interestingly, mammalian cells are very effective in tolerating BP-G, despite its bulkiness, and TT 6-4 PP, despite the significant deformation that this lesion causes. The situation is different for the artificial M3 lesions. In this case, tolerance was not fully efficient, and most of it was via HDR.
Although the identity of the DNA polymerase involved in the synthesis step of HDR is not clear, there were reports on the involvement of DNA polymerases η in an in vitro system (46) and of Rev1 and DNA polymerase ζ in cultured cells (32) . The action of these or other polymerases in HDR is not expected to affect the sequence signatures that we have observed in our system, because they are expected to be distributed all over the synthesis patch, in contrast to the targeted and semitargeted base signatures that have been observed. In addition, the error frequency of DNA polymerase η is ∼1% (47) , and that of the yeast DNA polymerase ζ about 0.1% (48) , much lower than the frequencies that we have observed. Why is HDR, which is inherently error-free, not always preferred over the inherently error-prone TLS? TLS is a very localized "repair" operation, the worst outcome being a point mutation. Moreover, an elaborate regulation (22, (49) (50) (51) operates to minimize the mutagenic load caused by TLS. In contrast, HDR, despite its inherent accurate mechanism, is more complex and involves both the damaged strand and the replicated sister chromatid. Given the abundance of repetitive sequences in mammalian genomes, such a DNA transaction may cause a higher risk of rearrangements. Such events were indeed observed in cells lacking polζ (52) . Thus, in mammals the selective benefit of avoiding potentially deleterious rearrangements may have led to the selection of regulatory mechanisms that sometimes favor TLS over HDR. The availability of the unique TLS/HDR assay will facilitate further studies of the mechanisms of DNA damage tolerance in mammalian cells and their role in preventing genome instability and various pathologies such as cancer.
Materials and Methods
Plasmid Construction. Plasmid pLSV5 was constructed in four steps. First, the puromycin resistance gene under the phosphoglycerate kinase (PGK) promoter was cloned into the kanamycin-carrying plasmid pSKSL (53) to generate the plasmid pSKSL-puro. The puromycin resistance gene was obtained by PCR from pRetrosuper, using the following primers: 5′-GGTAGGGAAT-TCGCTTTTCCAAGGCAGTC-3′ and 5′-GATGCATGGGATCCTGCGCTCCTTTCGG-3′. Tables S1-S6, respectively. The 1,705-bp PCR fragment was digested with BglII and BamHI and cloned into pSKSL between those sites. In the second step, an attB recognition sequence was added to pSKSL-puro. The attB recognition sequence was obtained from the plasmid pTA-attB (27) by PCR amplification, using the primers 5′-GAGCGG-CCGCCAGTGTGATGGAGATCTGCA-3′ (containing a BstXI site) and 5′-CTAGTAAC GGC CGCCACACCGCTGGAATTC-3′ (containing a BglII site). The PCR product (374 bp) was cut with BstXI and BglII and ligated to BstXI-BglII cut-modified pSKSLpuro. In the third step, the resulting vector (pSKSL-p-attB) was digested with BstXI and AhdI, its termini converted to blunt ends using DNA polymerase I Klenow fragment, and religated to eliminate the BstXI site. The last step involved the creation of a new BstXI site and the addition of a 925-bp spacer between the BsTXI and BspQI sites. The spacer was obtained by PCR amplification of pRetrosuper, using the primers 5′-TTTTTTCCATGGCCACACCGCT-GGAGCAAAAACAGGAAGGCAAA-3′ and 5′-TTTTTTCCATGGTGGACTAATCG-CCTCTACGC-3′. The PCR product was digested with NcoI and ligated to an AflII-digested vector, yielding the 5,332-bp plasmid pLSV5.
The synthesis of short oligonucleotides containing a site-specific BP-G adduct, a TT 6-4 PP, or an M3 lesion,was previously described (28) . The lesion shuttle vector pV5(BP-GstaggBP-G), which contains two site-specific BP-G lesions in a staggered configuration, was prepared using modified oligonucleotides containing a BP-G adduct. It was constructed in several steps as follows ( Fig. S1 and Table S10 ): First, a 12-mer oligo (marked B and 1B S in Fig.  S1A and Table S10 , respectively) carrying the BP-G was extended to a 61-mer oligonucleotide by ligating a 12-mer oligo (marked A and 1A S in Fig. S1A and Table S10 , respectively) to its 5′ end and a 37-mer oligo (marked C and 1C S in Fig. S1A and Table S10, respectively) to its 3′ end, using a 45-mer oligo (marked D and 1D S in Fig. S1A and Table S10, respectively) as a scaffold (Fig.  S1A) . The resulting 61-mer elongated oligonucleotide 1E S (Fig. S1B and Table  S10 ) was separated from the scaffold and excess oligonucleotides on a 12% denaturing polyacrylamide gel containing 8 M urea. The purified 61-mer oligo with site-specific BP-G was then annealed to a complementary 68-mer oligo (1E L, Table S10 ) with single BP-G modification that was generated in a similar manner. The resulting double-stranded duplex that contained a 5′ overhang complementary to a cleaved BspQI site and a 3′ overhang complementary to a cleaved BstXI site (Fig. S1B ) was ligated to a gel-purified 4,321-bp fragment of pLSV5, obtained by BstXI and BspQI double digestion. The closed circular product pLSV(BP-GstaggBP-G) was purified from other ligation products by electrophoresis, using a 0.8% agarose gel. A gel slice containing the band with the pLSV5(BP-GstaggBP-G) DNA was then cut out and the DNA electroeluted, using an Elutrap apparatus (Schliecher and Schuell). The control vector pVBCs with no lesions was constructed using unmodified 61-mer and 68-mer oligonucleotides (Table S10 , sequences 1F S and 1F L , respectively). The vectors containing the TT 6-4 PP and the M3 lesions and their corresponding control vectors were built in a similar manner. The oligonucleotides used for building these vectors are listed in Tables S11 and S12. Plasmid pV5(TT6-4staggTT6-4) was built using elongated oligonucleotides 2E L and 2E S , and its corresponding control, pV5TTCs, was built using oligonucleotides 2F L and 2F S (Table S11) . Plasmid pV5(M3-2staggM3) and its corresponding control pV5MCs were built using the oligo pairs 3E2 L -3E S , and 3F L -3F S , respectively (Table S12) . Oligonucleotides without a lesion were synthesized by Sigma-Aldrich. All oligonucleotides were purified on a 12% or 15% denaturing polyacrylamide gel containing 8 M urea before use.
Cell Culture and Genomic Lesion Tolerance Assay Procedure. SV40-transformed XPA (XP12RO) human fibroblast cells were cultured in MEM Eagle (Sigma) supplemented with 2 mM l-glutamine (GIBCO/BRL), 100 units/mL of penicillin, 100 μg/mL of streptomycin (Biological Industries), and 15% FBS (HyClone).
The genomic lesion tolerance assay was performed as follows. Cultured cells were grown to 80% confluence in 6-well plates. The cells were then cotransfected with a mixture of a lesion shuttle vector (pV5L, 60 ng) or a control vector (pV5LCo, 60 ng) and the ϕC31-integrase expression vector (pKGphc31o, 2 μg), using 9 μL/well HiPerFect (Qiagen). Forty-eight hours after transfection, the cells were split into two 10-cm dishes and after reattachment were subjected to 0.55 μg/mL puromycin (Sigma) for selection. Approximately 14 d later, resistant colonies were counted, picked, and individually transferred into a 96-well plate for further growth. The number of resistant colonies obtained relative to the number of colonies obtained with the control vector without a lesion is used as a rough estimate of the overall efficiency of DNA lesion tolerance. When it reached suitable confluence (∼5 d later), the genomic DNA of the cells in each well was extracted essentially as described (54). This genomic DNA was then used as a template in a PCR aimed to amplify the lesion core area. The PCR was performed in 96-well format, in a final volume of 10 μL per well. Each PCR included 1 μL genomic DNA (50-200 ng), 0.09 μL Phusion termostable DNA polymerase (2 units/μL; NEB), primers (10 pmol each), dNTPs (0.2 mM final), and Phusion High Fidelity PCR reaction buffer. The reaction consisted of 38 cycles, and the annealing temperature was 60°C. The primers were 5′TTGGCAGAA-CATATCCATCG 3′ (forward) and 5′CTGACCTTTTGGTCACATGGC 3′ (reverse). The resulting PCR product was 258 bp long for the BP-G and 6-4TT constructs and 257 bp long for the M3 constructs. The PCR products were sequenced using the primers 5′ ATTAATGAATCGGCCAACG 3′ or 5′ CTGACCTTTTGGTCACATGGC 3′.
Plasmid Rescue. For plasmid rescue, genomic DNA of individual colonies or pools was extracted using the DNeasy Kit (Qiagen). This genomic DNA was then digested with a combination of restriction enzymes XbaI and XmaJI that did not cut within the lesion shuttle vector sequence. In a typical reaction, 10 μg of DNA was digested with 30 units of each enzyme for 16 h. DNA was then extracted with phenol/chloroform, precipitated in ethanol, and ligated under dilute conditions (5 ng/μL) with bacteriophage T4 DNA ligase. The ligated DNA was then used to transform electrocompetent DH10B bacteria cells that were subsequently plated on agar plates containing kanamycin. Plasmid DNA was prepared from resulting colonies and sequenced using the following primers: attL, 5′ CAGTGAGGCACCTATCTCAGC 3′; attR, 5′ CGCT-ATGTGTTCTGGGAAATC 3′.
